Directional solidification of the eutectic LiF–LiYF4 using Bridgman and micro-pulling down techniques: Microstructural study and some properties by Acosta, M. F. et al.
Directional solidification of the eutectic LiF-LiYF4
using Bridgman and micro-pulling down techniques:
Microstructural study and some properties
M.F. Acosta1∗, S. Ganschow2, D. Klimm2, S. Serrano-Zabaleta1, A. Larrea1
and R.I. Merino1
1 Instituto de Ciencia de Materiales de Arago´n (ICMA), CSIC-Universidad de Zaragoza,
C/Pedro Cerbuna, 12, 50009, Zaragoza, Spain
2 Leibniz Institute for Crystal Growth (IKZ), Max-Born-Straβe 2, 12489, Berlin, Germany
Abstract
The eutectic LiF−LiYF4 has been solidified by Bridgman and micro-pulling
down (mPD) at pulling rates from 4 to 300 mm/h. The microstructure changes
from a coupled, interpenetrated-like one to macrofaceted colonies composed of
an approximately triangular arrangement of LiF fibers inside the LiYF4 matrix
as the pulling rate increases. The cross-over pulling rate is around 3 times larger
for the mPD method, corresponding to its larger solidification gradient. The
crystallographic growth direction of the matrix phase was found using EBSD.
Effective medium estimations of the THz permittivity of the composite predict
around the interphase phonon-polariton resonance (wavelength around 17.5 µm)
a small permittivity hyperbolic behavior specific of the ordered composite that
is tolerant to different relative orientations. Water etching of polished cross-
sections constitutes a very simple procedure to generate surface micro-holes of
predefined size in the LiYF4 matrix.
Keywords: Fluoride eutectics, Directional solidification, Micro-hole array,
Terahertz, Hyperbolic dispersion relation
1. Introduction
Directional solidification of eutectic composites is a self-assembling proce-
dure that allows fabricating from the melt fine homogeneous microstructures
controlled by the solidification parameters1. As this easily controllable mi-
crostructure influences the material properties, the research in directionally so-
lidified ceramic eutectics has seen a revival in the last two decades, mainly
prompted by the excellent mechanical properties of Al2O3 based eutectics
2.
Concomitantly, the available procedures to prepare those materials have been re-
cently revised3 and new ones further developed4 . Functional properties of these
materials have also been studied5, for example luminescence6,7, up-conversion8,
optical wave guiding9, red-ox behaviour10, ionic conductivity11,12, thermoemis-
sive properties13, or very recently also as metamaterials and subwavelength
guiding structures for the THz range14,15,16. Other interesting applications of
microstructured self-assembled eutectics emerge when one considers its use as
templates for microstructured slabs/surfaces17,18 or sacrificial materials to get
rather homogeneous single crystal nanofibers19.
A wealth of halide eutectic systems exists, whose equilibrium phase diagrams
were studied in the 60s and 70s, and more recently assessed using modern calori-
metric equipment and calculation capabilities20. This allows us to choose among
many systems with the aim of exploiting eutectics.
The present work focuses on LiF−LiYF4. Both component crystals are
good optical materials (transparent and rather stable). LiYF4 (or LYF) is a
well known host to many rare-earth ions with efficient laser action21. Rare
earth ions do not enter the LiF lattice from the melt but are highly soluble
in the LiYF4 matrix substituting Y ions. Consequently selective doping of the
eutectic should be easy. Moreover, when control over the microstructure and
phase size is possible, optimization of guiding, luminescence or lasing properties
could be exerted. In the far IR (THz) range of the spectrum, the anisotropy
of the microstructure can generate anisotropic epsilon near zero or hyperbolic
(indefinite) permittivity, useful as metamaterial.
In the past, some growth studies of the eutectic system LiF−LiYF4 have been
done using Bridgman and horizontal directional solidification methods12,22,23 up
to 20 mm/h solidification rate. The micro-pulling down method has been also
recently employed to grow and compare LiF−LiYF4 and LiF−LiGdF4 eutectics
at pulling rates up to 300 mm/h24 showing a cross-over pulling rate from coupled
to cellular microstructure. These works were performed separately and different
microstructures were observed. In this work, we cover the pulling rate range
from 4 to 300 mm/h and compare the microstructure of this eutectic obtained
by both directional solidification methods. The growth procedure has influence
in sample size, kind of microstructure (coupled or colonies) and microstructure
size, all features that may be relevant to applications. One first exploration of
its crystallography by EBSD on unseeded grown crystals has been done, as well
as the estimation, using an effective medium approach, of its permittivity in
the THz range. Finally, we report on the preparation of microperforated LiYF4
substrates by water surface etching of the disperse LiF phase.
2. Experimental procedure
Eutectic LiF−LiYF4 boules of 14 mm diameter and around 50 mm length
(see Fig. 1) have been grown through the directional solidification Bridgman
method in a three zone furnace with an approximate thermal gradient of up to
40 K/cm. The starting powder composition was 79.6 mol% LiF - 20.4 mol% YF3
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Figure 1: Photograph of a mPD grown rod (a); and of a Bridgman grown ingot (cone
region and transverse cut thick slice (b).
(pure eutectic), or 79.6 mol% LiF - 20.2 mol% YF3 - 0.2 mol% ErF3 (Er-doped
eutectic). Powders of 99.99 % purity (Alfa Aesar) were used and previously
dried at 400 oC. The mechanically mixed powder was introduced -typically 14 g
charge- in a graphite carbon crucible and was melted at the eutectic temperature
of 702 oC20. As traces of oxygen or moisture certainly affects the growth of rare
earth fluorides and its optical properties, extreme dry and oxygen free conditions
are desirable25. A vacuum of 10−2 mbar was reached in the chamber. In order
to eliminate the oxygen contamination an Ar (99.95 % purity) atmosphere with
a fluorinating agent -NH4F ·HF- was used in the experiments. Pulling rates
from 4 to 60 mm/h were used. Pure LiF−LiYF4 eutectic samples were grown
between 4 and 10 mm/h. Samples doped with 1 mol% of ErF3 for later optical
measurements were prepared between 10 and 60 mm/h. As Er would enter
into the scheelite LiYF4 phase, LiF−LiY0.99Er0.01F4 eutectic samples would be
obtained from the doped mixtures.
For higher pulling rates, the micro-pulling down (mPD) method was used to
grow eutectic rods of LiF−LiYF4 typically around 1 mm in diameter (see Fig. 1).
A higher gradient of approximately 100 K/cm26 in the equipment permits higher
rates on cost of smaller sample sizes because of the increased thermal stresses27.
The mPD setup allowed a vacuum of 10−5 mbar in a 35 liter vacuum-tight
steel chamber, avoiding moisture. LiF (Alfa Aesar, 99.99 %) and YF3 powders
were mixed covering the range between 79.8 mol%LiF - 20.2 mol%YF3 and
81.7 mol%LiF - 18.3 mol%YF3. YF3 was synthesized in this case from the oxide
(Y2O3, AlfaAesar, 99.99 %) by a hydrofluorination method
28 under reactive
atmosphere of HF and Ar. The absence of oxygen in the starting compounds
was controlled by DTA measurements24. A platinum wire seed and an Ar
atmosphere (1 bar, 99.999 % purity, <1 ppm water) were used to grow samples
at pulling rates from 15 to 300 mm/h.
Both series, Bridgman and mPD together, covers the range for the LiF−LiYF4
eutectic system from 4 to 300 mm/h. Transverse and longitudinal cross-sections
of the samples were polished (usually dry polished or using oil based diamond
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paste) and observed in a Merlin Field Emission Scanning Electron Microscope
SEM from Carl Zeiss (Germany). Phase interspacing and volumetric fraction of
the phases were obtained from SEM images by using the software Digital Micro-
graph from Gatan Inc. The crystallographic orientation and growth directions
of the samples were determined from electron backscatter diffraction (EBSD)
experiments carried out using a Nordlys model detector form HKL Technology
(Denmark) integrated in the aforementioned Carl Zeiss electron microscope.
The experiments were performed with the sample tilted 70o using 20 keV elec-
trons and 1.3 nA of probe current intensity. Chemical analysis of the sam-
ples were performed using a scanning electron microscope (model 6400, JEOL,
Tokyo, Japan) equipped with an X-ray detector INCA 300 X-Sight from Oxford
Instruments for energy dispersive X-ray analysis (EDS). The ZAF method was
used to obtain the elemental composition29. EDS spectra were recorded for
600 s at 20 kV. Standards of SrF2, Y and CaSiO3 were used for F, Y and O
quantification, respectively. Li cannot be detected with EDS.
3. Results and discussion
3.1. Microstructure
3.1.1. Solidification of LiF−LiYF4 by the Bridgman method
SEM images of several samples of LiF−LiYF4 polished transverse cross-
sections grown by Bridgman method are in Fig. 2. At 4 mm/h (Fig. 2a) the
microstructure shown is a coupled, interpenetrated one with irregular shaped
LiF cross-sections. At some places eutectic cells with quasi-lamellar of rod-to-
lamellar arrangement inside surrounded by coarser interpenetrated areas, are
seen. This is the dominant microstructure of the samples pulled at 10 mm/h
(Fig. 2b). The microstructure changes into macrofaceted eutectic colonies when
increasing the pulling rate above 40 mm/h (Fig. 2c, 2d and 3). Areas with
regular triangular fiber ordering of at least 300 µm × 200 µm were found inside
the macrofaceted colonies (Fig. 2c and d).
Bright precipitates embedded in the matrix where observed in all samples
(see Fig2e). This phase has a size comparable to the constituent majority phases.
EDS microanalysis indicate that it contains Y, O and F with around 22 to
25 atomic % oxygen. It seems reasonable to assume that the precipitates are
yttrium oxyfluoride30. The REF3−RE2O3 systems (RE = rare earth element or
yttrium, respectively) contain three forms of oxyfluorides, where the tetragonal
RE4O3F6 exhibits some degree of nonstoichiometry
31, a reasonable candidate
for the observed precipitates.
Finally, some dendrites of LiF where observed at the outer rim of the ingots
in samples grown with pulling rates larger than 10 mm/h, concomitant with the
formation of eutectic cells. The doping with Erbium (substitution of 1 mol%
of Y3+ by Er3+) of some samples growth at 10, 40 or 60 mm/h pulling rate
samples is not expected to influence the microstructure. First, no segregation of
erbium would be expected in Erbium doped LiYF4 single crystals because the
distribution coefficient of Er3+ in LiYF4 is very close to 1, based on previous
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Figure 2: SEM micrographs of transverse cross-sections LiF−LiYF4 grown by Bridg-
man method. Dark phases correspond to LiF. Samples grown at 4 mm/h (a) and (e);
10 mm/h (b); 40 mm/h (c) and 60 mm/h (d). The bright faceted phase in Fig. 2e
contains oxygen.
Figure 3: Optical transmission image of a LiF−LiYF4 sample grown at 60 mm/h by
the Bridgman method. The macrofaceted colonies are clearly seen.
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works32,33,34. Secondly, although Thoma reports very different LiF content
in LiF−LiYF4 and LiF−LiErF4 eutectics35, all latter publications (Ivanova36,
Harris37, Fedorov38) give almost the same composition for the LiF−LiREF4
(RE = Y, Er) of approximately 20 mol% LiF and 80 mol% REF3.
3.1.2. Solidification of LiF−LiYF4 by the micro-pulling down (mPD) method
The microstructure of samples prepared by mPD at pulling rates from 15 to
300 mm/h was described by Klimm et al24. In Fig. 4 we give SEM micrographs
for completeness. The microstructure of the samples grown between 15 and
60 mm/h was found to be fully interpenetrated as in Fig. 4a. From 120 to
300 mm/h the change to macrofaceted eutectic colonies was observed (Fig. 4b).
We scanned the initial composition from 79.8 to 81.7 mol% LiF and found
an upper limit in order to get samples free of LiF primary dendrites. This
limit was established at approximately 81 mol% LiF. For a higher LiF content,
dendrites of LiF start to appear in the transverse cross-section SEM images
(Fig. 4b inset).
Moreover, much fewer and smaller oxygen containing precipitates were ob-
served in the samples grown by mPD than by Bridgman. EDS area micro-
analysis were done on polished cross-sections at different positions all over the
samples. Areas to acquire the individual spectra were 400×400 µm2 size (Bridg-
man samples) and 60×40 µm2 or 80×60 µm2 (mPD samples), and give an es-
timate of the total oxygen content of the samples, whether dissolved in LiYF4
or in segregated phases. We measure an average oxygen content for the sam-
ples (area analysis) of 0.4±0.1 wt% in Bridgman grown samples and almost zero
(0.15±0.12 wt% oxygen, near to the limit of sensibility) in mPD grown samples.
The better vacuum in the mPD setup is the reason for that.
Figure 4: SEM images of three transverse cross-sections of LiF−LiYF4 samples grown
at 15mm/h (a) and 300 mm/h (b) by the mPD method. Dark phases correspond to
LiF. Inset in (b) shows a detail of a LiF dendrite due to an excess of 2 mol% LiF in
the starting composition.
3.1.3. Coupled growth
The crossover pulling rate for the non-coupled macrofaceted microstructure
occurs at different pulling rates in Bridgman (between 10 and 40 mm/h) and
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micro-pulling down (between 120 and 300 mm/h). This is explained by the






Where m is the slope of the liquidus line in the phase diagram; ∆C is the
deviation from the eutectic composition; D is the diffusion coefficient; G the
thermal gradient and v is the pulling rate. Only the gradient G changes by
changing the procedure, and the micro-pulling down method has typically a
larger gradient (see the experimental Section 2). Consequently at a pulling rate
of 60 mm/h, we find uncoupled growth for the Bridgman samples and a coupled
microstructure (growth) for the micro-pulling down ones.
3.1.4. Longitudinal cross-sections
The overall alignment of the microstructure can be better observed in lon-
gitudinal cross-sections. Fig. 5 shows the microstructure of samples solidified
at 4 mm/h (Fig. 5a, Bridgman) and 300 mm/h (Fig. 5b, mPD). It can be seen
that at low pulling rates the phases are elongated along the pulling direction.
At high pulling rates, the LiF phase grows perpendicular to the plane of faceting
of the solid-liquid interface, which is not strictly parallel to the pulling direction
(see Fig. 3).
Figure 5: (a) SEM image of a longitudinal cross-section of a 4 mm/h sample of
LiF−LiYF4 by Bridgman. (b) SEM image of a longitudinal cross-section of a
300 mm/h sample of LiF−LiYF4 by mPD. The growth directions lie parallel to the
horizontal axis of the page.
3.1.5. Interspacing measurements
Phase interspacing was estimated from SEM images of transverse cross-
section. Intespacing values from 10.5 to 1.5 microns were obtained (Fig. 6).
Both series of samples can be fitted to the same relationship (a2v = K, where
v is the pulling rate and a is the interspacing), with K = (122.8 ± 0.1)µm3/s.
The volumetric fractions measured by image analysis, f (the filling fraction),
were in both cases 40±1 vol% LiF, in good agreement with the 40 % theoretical
value. The LiF fiber diameter φ can be scaled down to 1 µm by increasing the




Figure 6: Interspacing as a function of the square root of the pulling rate for the eutectic
system LiF−LiYF4 by Bridgman (circles) and mPD (squares) methods.
3.1.6. Crystal growth direction
The crystallographic growth directions were determined by EBSD experi-
ments performed on transverse polished cross-sections of samples processed by
Bridgman at 4 mm/h and by mPD at 15, 120 and 300 mm/h. Only diffraction
patterns corresponding to the LiYF4 phase were collected as the LiF phase got
selectively etched upon the final step of the chemical polishing with colloidal sil-
ica, applied in order to reduce mechanical polishing damage over the specimen
to a minimum. Patterns displaying identical crystal orientation were acquired
at different points on each sample, as the one presented in Fig. 7, showing that
the matrix grows in each case as a single crystal with small mosaicity. The
growth directions were, however, different for each sample. Only in the sample
solidified at the fastest pulling rate, 300 mm/h by mPD, it was observed that
the growth direction was near the c axis of the LiYF4 crystal lattice. The [001]
crystallographic direction formed an angle of 9.8±3.2 degrees with respect to the
rod axis, which is considered to be the growth direction. This value was aver-
aged out of 11 patterns acquired from locations spread all over the cross-section
of the sample.
3.2. THz permittivity of the eutectic composite
Well aligned directionally solidified eutectics have been proposed and are be-
ing studied as polaritonic metamaterials in the THz16. In particular, hyperbolic
permittivity is predicted in some regions of the THz range, allowing devising
self-focusing, and subwavelength guiding or filter-polarizer applications. The
hyperbolic indefinite permittivity arises because of the different sign of the real
part of the permittivity of matrix and aligned disperse phase (ideally rods) at
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Figure 7: EBSD pattern acquired from the matrix of the 300 mm/h by mPD sample.
(a) As registered. (b) After indexing of the diffraction bands to determine the crystal
orientation.
specific wavelengths. This occurs also in the present composites. Although dif-
ficulties arise because of the fact that the matrix is itself anisotropic (uniaxial,
and consequently, optically birefringent), and so, the specific crystallographic
orientation with respect to the overall direction of alignment, needs to be known
beforehand. Moreover, the degree of alignment in the composite we are studying
here is far from perfect, as can be seen in Fig. 5. The good news is that there
exist very well ordered regions with fibrous alignment inside large macrofaceted
colonies that would allow small elements to be designed and constructed. In the
present section we have attempted to evaluate roughly how sensitive the THz
response of the composite is towards changes in the crystallographic growth di-
rection of the matrix with respect to the alignment direction of the LiF rods.
For that, we have used an effective medium approach.
3.2.1. Calculation of the permittivity
Effective medium approaches are valid only in the long wavelength limit com-
pared to the interspacing of the scattering units. For hyperbolic photonic crystal
structures, S. Foteinopoulou et al40 have shown that if ω(a/2pic) is smaller than
0.1, the principal values of the effective dielectric tensor can be calculated with
the Maxwell-Garnett expressions for 2D two phase composites when the Elec-
tric field is perpendicular to the rod axis (perpendicular polarization) or with
a volume fraction weighted addition for the parallel polarization (E parallel to
the rod axis). ω is the angular frequency of the electromagnetic wave, a is the
period of the composite microstructure in the transverse direction and c is the
speed of light. According to Fig. 6, the faster pulled samples would fulfil this
criterion for wavelengths longer than 15µm. To calculate the permittivity of a
LiF−LiYF4 eutectic material, let us describe its microstructure as LiF aligned
fibers embedded in a LiYF4 matrix with a 40 % volumetric fraction of LiF.
We compute the dielectric response of the system when the propagation
is in the plane of periodicity (perpendicular to the LiF rod axis), for both
perpendicular and parallel polarization. As the matrix LiYF4 is a birefringent
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crystal with a scheelite tetragonal structure41, we need to specify the orientation
between the LiF fibers, the c axis in the tetragonal structure of the matrix and
the electric field of the electromagnetic wave42. We will only calculate the cases
for either c parallel (Fig. 8a) or perpendicular (Fig. 8b) to the LiF fibers axes.
Figure 8: Sketch of the model for the eutectic metamaterial system used in the ef-
fective medium approach. The LiF particles are embedded in a LiYF4 birefringent
matrix. (a) The c axis is parallel to the LiF fibers. With this configuration the c
axis is perpendicular (for the named perpendicular polarization) or parallel (parallel
polarization) to the electric field E. (b) The c axis is perpendicular to the LiF fibers.
Note that with this configuration the c axis is parallel (for the named perpendicular
polarization) or perpendicular (parallel polarization) to the electric field E. The third
unequivalent principal direction (within this model) in case (b), E perpendicular to
the LiF fibers and to the c axis, results in the same permittivity that case (a), with
perpendicular polarization. E, H and k are the electric field, magnetic field and prop-
agation direction, respectively. a, b and c represent the three axes of the tetragonal
unit cell of the LiYF4 matrix.
The Maxwell Garnett formula43 for the effective dielectric response function
in two dimensions is given by Eq.(2):
ε⊥eff (ω) = εmatrix(ω)
(1 + f)εfibers(ω) + (1− f)εmatrix(ω)
(1− f)εfibers(ω) + (1 + f)εmatrix(ω) (2)
where f is the volume filling fraction of the fibers, and εmatrix and εfibers
are the permittivities of matrix and fibers, respectively. This applies when the
electric field is perpendicular to the fibers axes. When E is parallel to the fibers
axes, the appropriate formula for the effective dielectric function is the average
dielectric function44, given by Eq.(3):
ε
||
eff (ω) = (f)εfibers(ω) + (1− f)εmatrix(ω) (3)
We calculated the permittivity using the data tabulated by Palik45 for LiF.
For the matrix LiYF4, we reproduced the spectra simulated by Salau¨n et al
42.
3.2.2. Results of the calculation
The calculated permittivity values are given in Fig. 9b and c. In Fig. 9a
the permittivity of the matrix is given for comparison. It shows some ranges
10




eff ). Most of these
regions are already present in the matrix behavior, around 150 cm−1 or 260 cm−1
for example, with small energy shifts and changes in the magnitude of the
permittivity contrast.
The region around the localized surface modes (around 560 cm−1 or 18µm)
is the one where features specific of the composite are present. Absolute val-
ues of real and imaginary part of the permittivity are here the smallest, and
so, the absorption somehow limited. When the electric field is perpendicular
to the LiF−LiYF4 interface, surface phonon-polariton modes are excited whose
energy depends on the shape and size of the dispersed phase. Peaks in trans-
mittance spectra should be found for configurations with E perpendicular to
the LiF fibers. Its position will shift between 17.5µm (560 cm−1) and 18µm
(555 cm−1) when the crystallographic orientation of the matrix changes, as seen
in the extreme cases shown in the figures. We have attempted to measure the
transmittance spectrum in this region of a large slice, around 95 microns thick,
of Bridgman grown LiF−LiYF4. But the transmittance is still too small and no
measurable transmission has been detected at wavelengths longer than 15.4µm
(below 650 cm−1). Probably, thinner and more homogeneous samples are re-
quired to have useful transmittance values and test the appropriateness of this
simple description.
As small interparticle distances are required for the model to apply, at
pulling rates around 15 mm/h the application wavelength stays at around 50µm
(200 cm−1), where there is no evident advantage in building a composite eutectic
compared to the performance of the single phase birefringent matrix. Around
560 cm−1 (18µm), 300 mm/h pulling rates are required, so that the size of the
LiF rods do not add extra shifts to the indefinite ε region. Note that, although
other simpler fibrous eutectic systems do exist16,39, better behaving as metama-
terials in the THz, in this case we have 40 vol% of LiF fiber, a large, convenient
fiber filling fraction, not usually found among well-ordered eutectics.
3.3. Selective etching of the minority LiF phase: microporous LiYF4 surfaces
The samples turned to be sensitive to the wet vehicle during the polishing
procedure. LiF is slightly soluble in water46, while LiYF4 is insoluble
47. This
can be a convenient tool to generate etched microstructured LiYF4 surfaces.
Bulky as well as transverse cut thin slices of samples grown at 60 mm/h and
4 mm/h (finer and larger microstructural features) were polished with the use of
water or ethanol as solvent and subsequently immersed in water -ethanol or soap-
water mixtures. Optical microscopy observations were made after each step for
both samples. It was found that LiF particles become sensibly corroded by
long time immersion in water plus ethanol mixtures. Ultrasonication generated
deeper degradation of the LiF particles and the corroded material dropped off
the surface of the LiF grains. In the case of large particles (dendrites), which
could be observed under optical microscopy, complete elimination of the LiF
took place. The LiYF4 polished surface did not show traces of water corrosion
under such treatments. Fig. 10 shows a SEM micrograph of an etched surface.
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Figure 9: Real part of the permittivity for the LiYF4 matrix (a) and the effective
medium when the fibers axes are parallel (b) and perpendicular (c) to c axis of the
matrix unit-cell. In (c) we also replot for its comparison the real part of the permit-
tivity for the case of fibers axes parallel to c axis, when E is perpendicular to both
of them (red short dotted line). On the right side of (b) and (c) an inset with finer
details of the calculations between 520 and 650 cm−1 are presented.
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The etch depth of small particles could not be measured by microscopy
observations, although it is for sure at least comparable to the width of the LiF
particles at the polished surface. Relatively long times are required and we did
not get to dissolve completely all the LiF present in the samples, nor even if they
were grown at a small pulling rate and had larger pores for the solvent to enter
into the channels. Consequently this is a very simple procedure to generate
surface micro-holes of predefined size (the size of the eutectic microstructure),
which, to a big extent will be stable under many chemical conditions and solvents
(even in water containing solvents).
Figure 10: SEM micrograph of a soap-water etched surface of LiF−LiYF4 eutectic.
4. Conclusions
Using directional solidification (Bridgman and mPD methods), we have fab-
ricated a polaritonic eutectic system made of LiF elongated particles dispersed
in LiYF4 birefringent matrix. The microstructure size and shape varies with
the pulling rate range from 4 to 300 mm/h and follows the same proportion-
ality ratio a2 ∝ 1/v, as required by the Hunt-Jackson rule. The microstruc-
ture changes from a coupled, interpenetrated-like one at low pulling rates to
macrofaceted colonies composed of an approximately triangular arrangement of
parallel LiF fibers inside the LiYF4 matrix. The cross-over pulling rate from
the coupled to the macrofaceted-colony microstructure is around 3 times larger
(between 120 and 300 mm/h) for the mPD method, corresponding to its larger
solidification gradient. Diffraction (EBSD) patterns display identical crystal ori-
entation all over the sample cross-section. As a hyperbolic material in the THz
range, one does not expect advantage of the composite eutectic material over
the birefringent LiYF4 matrix at wavelengths larger than 25 microns. Around
the interphase phonon-polariton resonance excited with perpendicular polariza-
tion (∼18 µm), a small permittivity hyperbolic behavior specific of the ordered
composite is expected, that is tolerant to different rod axis to matrix crystalline
orientations. Water etching of polished cross-sections eliminates LiF up to a
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limited depth very slowly, and then, it is easily controllable. This is a very sim-
ple procedure to generate surface micro-holes of predefined size in the LiYF4
matrix.
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